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We report measurements of the polarization of W bosons from top-quark decays using 2.7 fb−1
of pp¯ collisions collected by the CDF II detector. Assuming a top-quark mass of 175 GeV/c2, three
measurements are performed. A simultaneous measurement of the fraction of longitudinal (f0) and
right-handed (f+) W bosons yields the model-independent results f0 = 0.88±0.11(stat)±0.06(syst)
and f+ = −0.15 ± 0.07(stat)± 0.06(syst) with a correlation coefficient of -0.59. A measurement of
f0 (f+) constraining f+ (f0) to its standard model value of 0.0 (0.7) yields f0 = 0.70± 0.07(stat)±
0.04(syst) (f+ = −0.01 ± 0.02(stat) ± 0.05(syst)). All these results are consistent with standard
model expectations.
PACS numbers: 14.65.Ha, 14.80.Cp, 13.85.Ni, 13.85.Qk, 14.70.Dj
∗Deceased †With visitors from aUniversity of Massachusetts Amherst,
4The top quark is the most massive fundamental par-
ticle observed by experiment [1]. Due to its large mass,
in the standard model (SM) the top quark decays be-
fore forming a bound state via the charged current weak
interaction into a W+ boson and a b quark [2], with a
branching fraction above 99% [3]. This provides a unique
opportunity to study the properties of a “bare” quark.
In particular, the V − A structure of the weak interac-
tion can be tested by reconstructing the polarization of
the W+ boson from top-quark decay. In the standard
model (SM) at tree level [4], the W+ boson is expected
to have longitudinal polarization f0 = 0.703, left-handed
polarization f− = 0.297, and right-handed polarization
f+ = 3.6×10−4 for a top-quark massmt = 175 GeV/c2, a
W -boson mass MW = 80.413 GeV/c
2 [5], and a b-quark
mass mb = 4.79 GeV/c
2 [3]. In the limit of mb → 0,
f0 = m
2
t/(2m
2
W + m
2
t ) and f+ = 0. The higher-order
QCD and electroweak radiative corrections modify these
predictions at the 1-2% (relative) level [6]. In beyond-
the-SM scenarios, significant deviations from the SM ex-
pectation are possible due to the presence of anomalous
couplings [4] in the tWb vertex. Measurements of W -
boson polarization and single top-quark production to-
gether set constraints on the anomalous coupling vector
and tensor form factors [7].
In this Letter, we measure the polarization of the W
boson from top-quark decay. We assume the tt pro-
duction mechanism is in agreement with the SM, and
we study a data sample enriched in tt → W+bW−b¯ →
ℓνbqq¯′b¯ events where one of theW bosons decays hadron-
ically and the other leptonically. We apply a likeli-
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hood technique based on the theoretical matrix elements
for both the dominant signal process, qq¯ → tt, and
the main background process, inclusive production of
W+jets. This technique was first developed for the mea-
surements of top-quark mass and f0, constraining f+ to
its SM value [8], and utilizes the kinematic and topo-
logical information from the event through integrations
over poorly known parton-level quantities. We express
the matrix element in terms of the W -boson polariza-
tion fractions and the cosine of the angle θ∗ between the
momentum of the charged lepton or down-type quark
in the W -boson rest frame and the momentum of the
W boson in the top-quark rest frame. Therefore we
extract information on the W -boson polarization from
both the leptonic and hadronic W -boson decays. Pre-
vious CDF measurements[9, 10] used only information
from the leptonic decay via the transverse momentum
pT [11] of the lepton, cos θ
∗ for the leptonically decaying
W boson, or the invariant mass of each lepton and b-jet
pair, which is a function of cos θ∗. While the information
from the hadronicW -boson decay carries a sign ambigu-
ity in cos θ∗ since we are unable to identify the down-type
quark jet its inclusion still improves the sensitivity to the
f0 polarization fraction. The analysis described in this
letter improves the statistical sensitivity on f0 by 20%
relative to the best previous CDF measurement [9] for
the same event sample. The latest D0 measurement also
utilizes information from both the leptonic and hadronic
W -boson decays using a likelihood fit to the cos θ∗ dis-
tributions [12].
We report measurements of the W -boson polarization
for three different hypotheses of top-quark decay: (1)
model-independent with simultaneous measurement of
f0 and f+; (2) anomalous tensor couplings with mea-
surement of f0 for fixed f+=0; and (3) anomalous right-
handed couplings with measurement of f+ for fixed f0 =
0.70.
The polarization fractions are determined by maximiz-
ing the likelihood L with respect to f0, f+, and the frac-
tion of events consistent with the tt signal hypothesis,
Cs,
L(f0, f+, Cs) =
N∏
i=1
Cs
Ps(x; f0, f+)
〈As(x; f0, f+)〉 + (1− Cs)
Pb(x)
〈Ab(x)〉 .
Here N is the number of observed events, and 〈As〉 and
〈Ab〉 refer to the average acceptances for tt and W+jets
background events, respectively. The dependence of the
signal acceptance on the polarization fractions is included
in 〈As〉. The signal probability Ps and background prob-
ability Pb densities are constructed as in [13] by integrat-
ing over the appropriate parton-level differential cross
section, dσ(y)/dy, convolved with proton parton distri-
bution functions (f(q1) and f(q2)) and detector resolu-
tion effects relating a set of observed variables x to cor-
5responding parton-level quantities y, W (x, y):
P (x) =
∑
perm.
∫
dσ(y)
dy
f(q1)f(q2)dq1dq2W (x, y)dy.
Here partons are identified with the four highest trans-
verse energy ET [11] jets, and all the corresponding jet-
parton permutations are considered.
The signal differential cross section uses the leading-
order matrix element of the qq¯ → tt¯ process [14], ex-
pressed in terms of cos θ∗ and polarization fractions:
|M |2 = g
4
s
9
FlepF¯had(2− β2sin2θqt),
where gs is the strong coupling constant and θqt describes
the angle between the incoming parton and the top quark
in the rest frame of the incoming partons, and β is the
speed of the top quarks in the same rest frame. The
factors Flep and F¯had correspond to the top quarks with
a leptonic and a hadronic W -boson decay, such that:
Flep =
2π
3
g4Wm
2
ℓ¯ν
mtΓt
(2E∗2b + 3E
∗
bmℓ¯ν +m
2
b)
(f+ · 3
8
(1 + cos θ∗)2 + f0 · 3
4
(1− cos2 θ∗)
+(1− f0 − f+) · 3
8
(1− cos θ∗)2).
Here gW is the weak coupling constant, mℓ¯ν is the invari-
ant mass of the lepton and neutrino, Γt is the width of
the top quark,mt andmb are the masses of the top quark
and b quark, respectively, and E∗b =
m2
t
−m2
b
−m2
ℓ¯ν
2m
ℓ¯ν
. The
hadronic factor F¯had is similar, with the exception that
we do not distinguish between up-type and down-type
quarks from W -boson decay and use the average F¯had
related to the two permutations. The background differ-
ential cross section uses the sum of matrix elements for
W+jets from the vecbos [15] Monte Carlo (MC) gener-
ator.
The measurement is based on a data set with an inte-
grated luminosity of approximately 2.7 fb−1 acquired by
the Collider Detector at Fermilab (CDF II) [16] from pp
collisions at
√
s = 1.96 TeV. The data used are collected
using high-pT central (pseudorapidity [11] |η| < 1.1)
electron and muon triggers, a high-pT forward (1.2 <
|η| < 2.0) electron trigger, and a trigger that requires
large missing transverse energy 6ET [11] with either an
energetic electromagnetic cluster or two separated jets
(6ET+jets) [17]. The 6ET+jets trigger is used to select
additional events with high-pT muons, which are not se-
lected by the lepton triggers.
Candidate events for the lepton plus jets final state
(tt→W+bW−b¯→ ℓνbqq¯′b¯) are selected to have a single,
isolated electron or muon candidate with ET > 20 GeV,
large imbalance in transverse momentum in the event
(6ET > 20 GeV) as expected from the undetectable neu-
trino, and at least four jets with ET > 20 GeV. Jets
are reconstructed using a cone algorithm with radius
∆R = 0.4 in η − −φ space, and their energies are cor-
rected for non-uniformities in the calorimeter response
as a function of jet η, multiple pp¯ interactions, and the
hadronic jet energy scale of the calorimeter [18]. Of these
jets, we require at least one to have originated from a
b quark by using an algorithm that identifies a long-
lived b hadron through the presence of a displaced ver-
tex (b tag) [19]. Backgrounds to the tt¯ signal arise from
multi-jet QCD production (QCD), W -boson production
in association with jets (W+jets), and electroweak back-
grounds (EWK) composed of diboson (WW , WZ, ZZ)
and single top-quark production. The W+jets back-
ground includes b-flavor jets (W+hf) as well as light fla-
vor jets incorrectly identified as b jets (W+lf).
A detailed description of the background estimation
can be found in Ref. [20]. Table I shows the expected
sample composition assuming a tt¯ cross section of 6.7 pb.
There are overlapping events between those collected by
high-pT lepton triggers and 6ET+jets trigger. These over-
lapping events are accounted in the central e/µ and for-
ward e categories, and are explicitly vetoed from 6ET+jets
category.
TABLE I: Number of expected and observed events in 2.7
fb−1 assuming a tt cross section of 6.7 pb.
Process Central Forward 6ET+jets
e, µ e µ
tt 478 ± 66 58 ± 8 134 ± 19
W+hf 71 ± 22 13 ± 9 19 ± 6
W+lf 23 ± 6 5 ± 7 6 ± 2
EWK 17 ± 10 3 ± 1 5 ± 3
QCD 28 ± 22 46 ± 37 1 ± 1
Total expected 616 ± 74 125 ± 40 165 ± 20
Observed 650 136 178
The herwig [21] MC generator is used to model the tt
signal events with mt = 175 GeV/c
2. For estimation of
various systematic uncertainties and background model-
ing MC samples are created using the pythia [22] gener-
ator, and alpgen [23] or madevent [24] with pythia or
herwig supplying the parton shower and fragmentation.
The QCD background is modeled using data control sam-
ples. The signal and background modeling has been ex-
tensively checked. Figure 1 compares the observed data
and the MC-predicted distributions of different kinematic
variables. We have validated the background model by
studying a high-statistics control sample of W+jets can-
didates extracted by vetoing events containing b-tagged
6jets.
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FIG. 1: Comparison of four kinematic variables for data
and simulation for different W polarization fractions: solid,
dashed and dotted histograms correspond to (f0, f+) values
of (0.7, 0.0), (0.88,0.0) and (0.7, 0.3), respectively. Plotted
are (a) leading jet pT , (b) lepton pT ; and for the reconstruc-
tion chosen as most likely by the per-event likelihood (c) the
invariant mass of the pair of light quark jets from the hadron-
ically decaying W boson and (d) the cos θ∗ of the leptonically
decaying W boson.
We calibrate the results of the likelihood fit using
the simulated tt and background samples, and the sam-
ple composition of table I. For the simultaneous mea-
surement of f0 and f+, we find our estimate f0,m is
related to the true value of f0 by f0,m = (0.88 ±
0.02)f0 + (−0.12 ± 0.01) and our estimate of f+,m is
related to the true value of f+ and f0 by f+,m =
(1.26 ± 0.01)f+ + (0.17 ± 0.02)f0 + (0.06 ± 0.01). We
use these two equations and the measured polarization
fractions to extract the true polarization fractions. For
our measurement of f0 with f+ = 0, we find our esti-
mate f0,m = (1.15± 0.04)f0+(−0.09± 0.02), and for our
measurement of f+ with f0 = 0.7, we find our estimate
f+,m = (1.17 ± 0.05)f+ + (0.01 ± 0.01). The uncertain-
ties on the coefficients of the calibration functions are
accounted as the method-related systematic uncertain-
ties, which cover possible biases due to the calibration
procedure. The differences between f0,m or f+,m values
and the corresponding true values are due to the fact that
the signal and background probabilities in the the likeli-
hood do not model events with extra jets from initial and
final state radiation (ISR/FSR), or incorrect jet-parton
assignment where a ISR/FSR jet is selected as one of
the leading four jets, or all the different background pro-
cesses. Even though likelihood can be calculated only
for the physical values of f0 and f+, after calibration the
corrected measured values can be slightly outside their
physical ranges.
The robustness of the fitting procedure over all physi-
cal values of (f0,f+) has been tested with simulated ex-
periments, using the number of observed data events and
the sample composition of table I. In all cases, the fit is
unbiased. Near the physical boundaries, we find that the
statistical uncertainty is underestimated by as much as
a factor of 1.5. We apply a correction to the statisti-
cal uncertainty in these regions. Assuming the SM, the
expected statistical uncertainties after all corrections for
the simultaneous measurement are ±0.116 and ±0.074
for f0 and f+, respectively.
Various sources of systematic uncertainty affecting the
measurement are summarized in table II. The leading
sources of systematic uncertainty arise from MC model-
ing of initial and final state radiation (ISR/FSR), choice
of parton distribution functions (PDFs), choice of par-
ton shower model, uncertainties on the measured jet en-
ergy, and the background shape and normalization. The
method-related uncertainty includes propagating the un-
certainty on the fit parameters of the response curves,
including their correlations. All systematic uncertain-
ties are determined by performing simulated experiments
in which the systematic parameter in question is varied,
the default method and calibrations are applied, and the
shifts in the mean measured polarization fractions are
used to quantify the uncertainty. All shifts are evaluated
at the SM helicity fraction.
TABLE II: Summary of systematic uncertainties.
Source ∆f0 ∆f+ ∆f0 ∆f+
simultaneous
ISR/FSR 0.020 0.018 0.020 0.021
PDF 0.024 0.013 0.009 0.016
JES 0.018 0.017 0.004 0.012
Parton shower 0.012 0.008 0.031 0.017
Background 0.009 0.038 0.042 0.039
Method-related 0.010 0.005 0.024 0.024
b-tag SF 0.004 0.002 0.002 0.002
Total 0.041 0.048 0.062 0.057
For the simultaneous measurement of f0 and f+, we
exclude the events from the forward electron trigger as
this significantly reduces the systematic uncertainty from
the background model. With 828 events and after all
corrections, we measure
f0 = 0.879± 0.106(stat)± 0.062(syst)
f+ = −0.151± 0.067(stat)± 0.057(syst).
7The statistical correlation between f0 and f+ is ρ =
−0.59. We estimate a shift of ∓(0.010 ± 0.005) in f0
and ±(0.017 ± 0.003) in f+ per ±1 GeV/c2 shift in the
top quark mass from the central value of 175 GeV/c2. As
the central value is unphysical we have elected to ensure
coverage by applying the Feldman-Cousins method [25]
to obtain the confidence level (C.L.) intervals shown in
Figure 2.
Fixing f+ = 0 and with 964 events, we measure af-
ter all corrections f0 = 0.701± 0.069(stat)± 0.041(syst).
Fixing f0 = 0.70, we measure after all corrections f+ =
−0.010± 0.019(stat)± 0.049(syst) and find f+ < 0.12 at
95% C.L.. We estimate a shift of ±(0.011± 0.003) in f0
and ±(0.013 ± 0.002) in f+ per ±1 GeV/c2 shift in the
top-quark mass from the central value of 175 GeV/c2.
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FIG. 2: Contours in the (f0, f+) plane indicating 68%
and 90% C.L. intervals determined using Feldman-Cousins
method. Note that the coverage is correct although the cen-
ter of the contours is not at the measured value obtained after
calibration.
In summary, we have measured the polarization of the
W boson in top-quark decays using a matrix-element
method in 2.7 fb−1 of CDF II data. Our results are con-
sistent with the SM. This result improves the combined
statistical and systematic precision on both the model-
independent and model-dependent determinations of the
longitudinal polarization f0 by a factor of 1.3 compared
to the best previous measurement [9] for a 1.4 times in-
crease in luminosity.
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